host plant leaves, but not on leaves stripped of cuticle wax. This was attributed to alterations in 31 hyphal apical dominance leading to the inability to aggregate and form infection cushions. The 32 mutation also caused loss of the ability to produce sclerotia, increased aerial hyphae formation, 33 altered hyphal hydrophobicity and cell wall integrity. Mutants had slower radial expansion rates 34 on solid media, but more tolerant to elevated temperatures. Loss of the SMK3 cell wall integrity 35 MAPK appears to have impaired the ability of S. sclerotiorum to sense its surrounding 36 environment leading to misregulation of a variety of functions. Many of the phenotypes were 37 similar to those observed in S. sclerotiorum adenylate cylase and SMK1 MAPK mutants suggesting 38 that these signalling pathways interact to co-regulate aspects of fungal growth, physiology and 39 pathogenicity. 40 41 D r a f t
Introduction 46
Sclerotinia sclerotiorum is an aggressive, cosmopolitan plant pathogen that infects over 400 47 D r a f t 4 the spore wall assembly pathway, the high osmotic growth pathway and the cell wall integrity 78 pathway (Gustin et al. 1998 ). MAPK pathways with orthologous elements also exist in many fungal 79 pathogens, though in some cases they have evolved to regulate different biological processes ( sterilized using 70% ethanol, transferred to a sterile Petri dish and allowed to dry in a sterile flow 225 chamber. Liquid PDA at 37°C was poured onto the slide to form 1 mm thick layer and the media 226 allowed to solidify at room temperature. Using tweezers, a pin head size portion of mycelia was 227 transferred to the edge of the slide and incubated at 20°C for 2 days. Water droplets (10 µL) were 228 gently placed on the mycelia and analyzed immediately. Droplet images were analyzed using 229 ImageJ (http://rsb.info.nih.gov/ij/) and a plug-in for the analysis of drop shape used to measure 230 the contact angle (http://bigwww.epfl.ch/demo/dropanalysis). Measurements were taken from 231 two locations, the edge and the center of the colony, with three replications for each line. 232
Differences between means for the edge and center locations were determined for each line 233 using the Student T-test at a significance level of 0.05%. Analysis of the means at each of the two 234 locations over the three lines was analyzed using General Liner Model (GLM) followed by Tukey's 235 least significant test at a significance level of 0.05%. Data analysis was done using SAS Enterprise 236 version 5.1. 237
238

Effect of temperature and compounds that affect cell wall integrity on growth 239
To assess the effect of temperature on growth, PDA was inoculated using a 3 mm plug from the 240 edge of a growing colony. The plates were incubated at 20, 28, 37 and 52°C and colony diameters 241 measured daily. The ratio of growth at 28°C to that at 20°C was calculated from three 242 independent replicates. This calculation was used to account for the difference in colony 243 expansion rate between the wild type and the mutants and measures the change in expansion 244 ratio. 245
246
Radial expansion was also assessed on PDA supplemented with compounds that affect growth of 247 yeast and fungal mutants with altered cell wall integrity including 1.5 M glucose, 1.5 M sorbitol, 1 248 M KCl, 1M NaCl, 300 uM Congo Red, 1.5 mM Calcofluor White, 0.01% SDS and 10 mM caffeine. 249
Colony diameter was measured daily on each of four independent replicates. 250 Hyphal fragments from the Smk3 mutants formed protoplasts at a much faster rate than 339 fragments from wild type hyphae indicating that cell wall architecture was compromised and that 340 lyase was able to more easily access or degrade cell wall components in the Smk3υ mutant 341 hyphae compared to wild type ( Figure 5) . 342
343
The sensitivity of the Smk3υ mutants was also assessed in the presence of compounds that affect 344 the growth of yeasts and fungi with altered cell wall integrity. The growth characteristics of the 345 Smk3υ .3 mutant, a knockout generated by transposon mutagenesis, and the Smk3u DED mutant, a 346 point mutation that alters the ability of the MAPK to be phosphorylated, were very similar under 347 all of the conditions tested. On solid PDA medium, the Smk3υ mutants grew slower and the rateD r a f t 14 membrane integrity may also be affected or that cell wall architecture is altered in such a manner 357 as to allow easier access of SDS to the plasma membrane. The Smk3υ mutants were also hyper-358 sensitive to caffeine, a compound that induces the cell wall integrity pathway and involves the 359
SLT2 (SMK3) MAPK (Fuchs and Mylonakis 2009). 360 361
Temperature effects 362
As noted above, earlier studies demonstrated that disruption of the cell wall integrity MAPK 363 pathway adversely affected the ability of mycelia to tolerate exposure to elevated temperatures, 364 but the effect on growth rate was not examined. To examine the latter, the radial expansion of 365 wild type and Smk3υ mutant colonies was compared at different temperatures (Figure 7) . Neither 366 the Smk3υ mutants nor the wild type was able to grow at temperatures above 37°C. When the 367 ratio of linear colony expansion at 20°C and 28°C was compared, the mutant colonies were in fact 368
found to be more tolerant of the higher temperature. At 28°C, the wild type colony expanded at 369 22% of its rate at 20°C, whereas the Smk3υ mutant colonies grew at 47-51% of their rates at 20°C. 370
This indicated that SMK3 may be involved in regulating growth rate as well as cell wall formation 371 in response to temperature stress. 372
373
Host infection 374
In other phytopathogenic fungi, loss of the cell wall integrity MAPK either rendered the mutant 375 non-pathogenic or reduced virulence. Similarly, the Smk3υ mutants exhibited reduced virulence 376 on intact B. napus leaves ( Figure 8A ). With the wild type strain, the entire area beneath the 377 mycelial inoculum became necrotic within 24 hours of inoculation, while the Smk3υ mutants only 378 formed infection initials, i.e. small necrotic spots around the leaf veins ( Figure 8A ). Interestingly, 379 when mycelia from the Smk3υ mutants were applied to leaves that had been stripped of cuticle 380 wax, necrosis development was equal to or even more so than of the wild type strain within 24 381 hours of inoculation ( Figure 8A ) indicating that SMK3 was important for infection initiation, but 382 not necessarily for lesion expansion. To further this observation, droplets of MS-Glu medium 383 containing mycelia were placed on an intact leaf surface and examined after 24 hours using a 384 dissecting microscope. Wild type hyphae radiated out of the droplet and formed infection 385 cushions that are responsible for cuticle penetration ( Figure 8B Smkυ mutant colonies were also found to be more hydrophobic at the center of the colony than 430 at the edge, while the wild type strain was more hydrophobic at the edge than the center. . Unlike other fungi, the mutation had no effect on 444 colony expansion rate in M. grisea (Xu et al. 1998) or C. lagenarium (Kojima et al. 2002) . Reduced 445 colony expansion rate has been suggested to be due to lack of osmotic tolerance. Addition of an 446 osmotic stabilizer to cultures of a B. cinerea Slt2 orthologue disruption mutant recovered 80% ofD r a f t of S. rolfsii were classified as either leading hyphae with ca. 40 nuclei or lateral hyphae with ca. 10 456 nuclei. Lateral hyphae with shorter intrudes (240 μm) were proposed to be responsible for 457 sclerotia formation (Goujon et al. 1970 ). Apical dominance is regulated through a hormone-like 458 substance and prevents lateral branching and therefore sclerotia formation (Burnett 1968). In S. temperatures. Interestingly, the colony expansion rate was higher in the Smk3υ mutants than the 472 wild type strain when incubated at the more restrictive temperature of 28°C compared to 20°C. 473
To our knowledge the role of MAPKs in the response to heat stress in filamentous fungi has not 474 been studied. In tomato, MAPK phosphorylation led to activation of a heat stress transcription 475 factor indicating that the MAPKs play a role in transducing the heat stress signal (Link et al. 2002) . 476 SMK3 may be responsible for reducing growth rate at high temperatures to avoid lethal events, 477 such as cell burst, which would explain why the wild type strain grew slower than the mutant. It is 478 also possible that cell wall structure or components have been altered in an advantageous way 479 D r a f t Garcia et al. 1998 
2006). An 488
Slt2 ortholog and a second gene were found to play a redundant role in regulating cell wall 489 integrity in C. lagenarium as mutation of the Slt2 ortholog alone did not increase the susceptibility 490 of the cell wall to these enzymes (Kojima et al. 2002) . Smk3υ mutant cell walls may be less 491 compact or rigid due to the lack of certain components or to structural changes. This flexibility 492 could have allowed the Smk3υ mutant to grow better at high temperatures, while the associated 493 structural changes make it more susceptible to cell wall degrading enzymes than the wild type. In 494 this regard, the increased sensitivity of the Smk3υ mutants to SDS could be attributed to 495 alterations in cell wall architecture that permit access of the detergent to the plasma membrane. 496
Smk3υ mutants were also hyper-sensitive to caffeine, a compound that induces the cell wall 497 integrity pathway and involves the SLT2 (SMK3)
Role of SMK3 in pathogenicity 500
The Smk3υ mutants were found to be much less or even avirulent on intact leaves. Mutations in 501 the Slt2 ortholog in B. cinerea, Bmp3, also resulted in reduced virulence on intact leaves and spore 502 germlings seemed unable to sense the leaf surface, elongated excessively and were unable to 503 form appressoria (Rui and Hahn 2007). In C. lagenarium, Slt2 ortholog mutant spores also lost 504 their ability to form appressoria, but retained a low level of virulence due to the release of cell 505 wall degrading enzymes and mycotoxins (Kojima et al. 2002) . Magnaporthe grisea MPS1 (Xu et al. 506 1998) is also required for germ tube elongation leading to appresoria formation on solid surfaces 507 and on the host plant. While a M. graminicola Slt2 ortholog mutant was able to initiate infection 508 through the stomata, it was unable to expand in the plant tissue (Mehrabi et al. 2006 ). In our 509 study, Smk3υ mutants were at least as virulent as the wild type strain on leaves that had been 510 stripped of cuticle wax and lesion expansion occurred rapidly once this barrier was removed or 511
breached. 512 513
Conclusion 514
A wide range of pathogenicity factors may be affected by mutation of Slt2 orthologs in 515 filamentous fungi. Only cuticle penetration appears to be impaired in Smk3υ mutants since 516 mycelia were able to expand in the leaf tissue. This could be due to lack of infection cushion 517 formation in the mutant which, interestingly, also occurred in the adenylate cyclase mutant 518 Amselem, J., Cuomo, C.A., van Kan, J.A., Viaud, M., Benito, E.P., Couloux, A., Coutinho, P.M., de 550
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